CHAPTER 3 


SOIL PHASE RELATIONSHIPS, INDEX 
PROPERTIES AND CLASSIFICATION 


3.22 PROBLEMS—SOLUTIONS 


Problem 3.1 


A soil mass in its natural state is partially saturated having a water content of 17.5% and a void ratio 
of 0.87. Determine the degree of saturation, total unit weight, and dry unit weight. What is the 
weight of water required to saturate a mass of 10 m? volume? Assume G, = 2.69. 


Solution 
Given : w= 17.5%, e = 0.87, G, = 2.69 


Required : (a) Degree of saturation S, (b) total unitweight y, (c) dry unit weight y}, and (d) 


weight of water required to saturate a mass of soil of volume 10 m?. 


wG, 0.175 x 2.69 


@ gee x 100 = 54.1% 
e 0.87 
G 1+ j s i 
ope YAW) _ 2.69X9811+ 0175) _ 56 58 nim’ 
l+e 1+ 0.87 
Y, 1658 ; 
= a99 AIEN) 
© %a = Tey 140175 i 
G+ 81(2.69 +0. 
(8) Poy, = EF) _ SIC F081) 18,68 km! 


l+e 1+ 0.87 
Weight of water to saturate 1 m? of soil is Yat ~ 1, = 18-68 — 16.58 = 2.1 KN. 
Weight of water to saturate 10 m? of soil = 2.1 x 10 = 21 KN. 


1 
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Problem 3.2 
The void ratio of a clay sample is 0.5 and the degree of saturation is 70%. Compute the water 


content, dry and wet unit weights of the soil. Assume G, = 2.7. 


Solution 
Given : e=0.5, S= 70%, G,=2.7 
Required : w, y, and y. 


Se 07x05 
G oF 


Ss 


x 100 = 12.96% 


(a) w = 


Gey _ 27x981 


b = 
©) 74 l+e 1405 


= 17.66 kN/m? 


(© y, =(1+ w)yy = (1+ 0.1296) x 17.66 = 19.95 kN/m? 


Problem 3.3 


A sample of soil compacted according to a standard Proctor test has a unit weight of 130.9 lb/ft? 
at 100% compaction and at optimum water content of 14%. What is the dry unit weight? If the 
voids become filled with water what would be the saturated unit weight? Assume G, = 2.67. 


Solution 
Given > y= 130.9 Ib/ft?, w = 14%, G, = 2.67. 
Required : Yr Yap and w at 100% saturation. 


Y, — 1309 


= = = 114.82 lb/ft? 
te Gage o 
G 4x2. 
(b) e — VWs _ 1 624x267 5 _ 4s 
Yi, 114.82 
oe AQ. 
Vai = aS ea) = 134.27 Ib/ft3 
sa l+e 1+ 0.45 
1)x0.4 
iw = Seo OS") asia 
G, 267 
Problem 3.4 


A sample of sand above the water table was found to have a natural moisture content of 15% and a 
unit weight of 18.84 kN/m?. Laboratory tests on a dried sample indicated values of ein = 0-50 
and e nax = 0.85 for the densest and loosest states respectively. Compute the degree of saturation and 


the relative density. Assume G, = 2.65. 


Solution 
Given : w, = 15%, y = 18.4 kN/m’, enin = 0.50, e 


Required : (a) D, and (b) S. 


= 0.85, G, = 2.65. 


max 
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Y, — 18.84 , 
7 z = 16.38 KN/m? 
@ % l+w 140.15 m 
G 65x9. 
PER TE L 
Ya 16.38 
p =£mx Z? y 199 = 85-0587 < 199 = 751% 
e e nax T Emin 0.85- 0.5 
G 65X0. 
or ip E eras 
e 0.587 
Problem 3.5 


How many cubic meters of fill can be constructed at a void ratio of 0.7 from 119,000 m? of borrow 
material that has a void ratio of 1.2? 


Solution 
Given : e(borrow) = 1.2, e(compacted) = 0.7, volume of excavated soil = 119,000 mê. 


Required : Volume of compacted soil. 


Let e, = 1.2, e, = 0.7 V, = 119,000 m3, V, =? 


D G oe 
Vi I+e, 
V (1+ i 
= id+ez) _ 119,0000 +0.7) _ 91 95454 m3 
l+e, (1+ 1.2) 
Problem 3.6 


The natural water content of a sample taken from a soil deposit was found to be 11.5%. It has been 
calculated that the maximum density for the soil will be obtained when the water content reaches 
21.5%. Compute how much water must be added to 22,500 1b of soil (in its natural state) in order to 
increase the water content to 21.5%. Assume that the degree of saturation in its natural state was 
40% and G, = 2.7. 


Solution 
Given : Soil in natural state w, = 11.5%, S = 40%, G, = 2.7. 


Required : Quantity of water to raise the water content from 11.5 to 21.5% in a mass of soil of 
22,500 lb in its natural state. 


wG; 0.11527 
0.4 


Natural state w, = 11.5% (Refer to Fig. Sol. 3.6), V = 1.776 ft 


e(natural)= = 0.776 


n 


W, 
Wy = OF Wy = WaW, = Wy Vey =0.115x(1)x62.4x2.7 = 19.38 Ib 


Ss 


W = 19.38 + (1) 62.4 x 2.7 = 187.86 Ib 
https://gioumeh.com/product/geotechnical-engineering-solution/ 


W, = wos 


Figure Sol. 3.6 


Compacted state (w, = 21.5%) 


W,, =W, V, Y wG, = 9.215 x (1)62.4 x 2.7 = 36.22 lb 
Extra water per 187.86 lb of soil = 36.22 — 19.38 = 16.84 lb 


16.84 
For 22,500 lb of soil, extra water = 18786 x 22,500 = 2017 Ib 


Problem 3.7 


In an oil well drilling project, drilling mud was used to retain the sides of the borewell. In one liter 
of suspension in water, the drilling mud fluid consists of the following material: 


Material Mass Sp. gr 
(g) 

Clay 410 2.81 

Sand 75 2.69 

Iron filings 320 7.13 


Find the density of the drilling fluid of uniform suspension. 


Solution 
Required : The unit weight of the drilling fluid. 


Volume of materials (V) in a liter of suspension may be obtained from the equation 


V E where p, = 1 g/cm? 
m G P, G, Ww 

and tabulated below 
Material Mass (g) G, Volume (cm?) 
Clay 410 2.81 145.91 
Sand 75 2.69 27.88 
Iron filings 320 7.13 44.88 
Total 805 218.67 


Volume of water in 1 liter of suspension = 1000 — 218.67 = 718.33 cm? 


mass of water + mass of solids 


Density of suspension = - 
Volume of suspension 
_ 718.33(1) + 805 


= 1523 g/cm? 
1000 sont 


Problem 3.8 


In a field exploration, a soil sample was collected in a sampling tube of internal diameter 5.0 cm 
below the ground water table. The length of the extracted sample was 10.2 cm and its mass was 
387 g. If G, = 2.7, and the mass of the dried sample is 313 g, find the porosity, void ratio, degree of 
saturation, and the dry density of the sample. 


Solution 
Required : n, e, Sand p} 


md? _314x5? 


Volume of sample V = ri L , 10.2 = 200.18 cm? 
M-M = 
Water content w= i= Aa x 100 = 23.6% 
M, 313 
M 313 
Dry densit =— = = 1.56 g/cm? 
ee Pa =T 30018 s 
G 
Void ratio e= sPw l= 2 1= 0.73 
Pa 1.56 
; e 0.73 
Porosity n= = 
l+e 1+0.73 
G 5 ; 
Degree of saturation S= Y» De peed x 100 = 87.3% 


Problem 3.9 
A saturated sample of undisturbed clay has a volume of 19.2 cm? and weighs 32.5 g. After oven 
drying, the weight reduces to 20.2 g. Determine the following: 

(a) water content, (b) specific gravity, (c) void ratio and (d) saturated density of the clay 
sample. 


Solution 
Required : w, G, e, Pu 


_ 325-202 
20.2 


x 100 = 60.89% 
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32.5 
Psat = T92 = 1.692 g/cm? 


20.2 
= 22 1052 g/cm? 
Pa ~T99 on 


When S = 100%, e = wG, = 0.6089G, 


G; Pw _ G,(1) 


=1.052 = 
Pa I+e 1+0.6089G, 


Simplifying G, = 2.93 and e = 0.6089 x 2.93 = 1.78 


Problem 3.10 


The natural total unit weight of a sandy stratum is 117.7 Ib/ft? and has a water content of 8%. For 
determining of relative density, dried sand from the stratum was filled loosely into a 1.06 ft? mold 
and vibrated to give a maximum density. The loose weight of the sample in the mold was 105.8 1b, 
and the dense weight was 136.7 lb. If G, = 2.66, find the relative density of the sand in its natural 
state. 


Solution 
Required : Relative density D.. 


y, == T = 10898 Witt? 
fiw 12008 
G 
— Esty _ 1 266X624 | _ 9593 
7, 10898 
Fo 8 959 twit? 
min 106 
1357 


—— = 128.02 lb/ft? 
06 


max 1. 


Gy _ 1 _ 2.66 624 


Z 1= 0.663 
max Oy 99.8 
G 
oe Vw _ 1 = 266% 62.4 10297 
min Wy 128.02 
Gy a Mma aan ORO HONIT ogi anne 
Oe eb 0.663 — 0.297 


Problem 3.11 


An earth embankment is to be compacted to a density of 120.9 lb/ft? at a moisture content of 14 
percent. The in-situ total unit weight and water content of the borrow pit are 114.5 lb/ft? and 8% 
respectively. How much excavation should be carried out from the borrow pit for each ft? of the 
embankment? Assume G, = 2.68. 
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Solution 


Required : Quantity of material required from borrow to compact each 1 ft? of embankment. 


Y, — 1145 


b = ey _ 106 Ib/ft 

ao Se 1008 

1209 
b = = 106 Ib/ft3 
Yq¢emb) 14014 
G 

siete): = eja ZO isee 

Ya 106 


This indicates that 1 ft? of soil from borrow pit at w = 8% is required to compact 1 ft? of 
embankment with w = 14%. 


Problem 3.12 


An undisturbed sample of soil has a volume of 29 cm? and weighs 48 g. The dry weight of the 
sample is 32 g. The value of G, = 2.66. Determine the (a) natural water content, (b) in-situ void 
ratio, (c) degree of saturation, and (d) saturated unit weight of soil. 


Solution 
Required : w, e, S, and y 


sat 


zo x 100 = 50% 
32 
Pi = == 1.103 g/cm? 
G 
e. SS AO) a 
Pu 1.103 
G 
g =PO 05x266 100=9433% 
z 141 
1+ i 
Pay = EHO DUHIAD L 160 gom? 


l+e 14141 
Vsa = YwPsar = 981% 169 = 16.58 kNim? 


Problem 3.13 


A mass of soil coated with a thin layer of paraffin weighs 0.982 lb. When immersed in water it 
displaces 0.011302 ft? of water. The paraffin is peeled off and found to weigh 0.0398 1b. The 
specific gravity of the soil particles is 2.7 and that of paraffin is 0.9. Determine the void ratio of the 
soil if its water content is 10%. 


Solution 
Required : Void ratio e at w = 10% 


Volume of paraffin = V, = eae = 0.0007 ft? 
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Volume of soil = V = 0.011302 — 0.0007 = 0.01059 ft? 
Weight of soil = W = 0.982 — 0.0398 = 0.9422 Ib 
Y= to nee = 88.97 lb/ft? 
V 0.01059 
Va = sailed = 80.88 lb/ft? 
1+ 0.10 
G 
pe F = 2.7 X 62.4 1=208 
Va 80.88 


Problem 3.14 


225 g of soil oven dried was placed in a specific gravity bottle and then filled with water to a 
constant volume mark made on the bottle. The mass of the bottle with water and soil is 1650 g. The 
specific gravity bottle was filled with water alone to the constant volume mark and weighed. Its 
mass was found to be 1510 g. Determine the specific gravity of the soil. 


Solution 


It is necessary to develop an equation for specific gravity G, 
Let mass of specific gravity bottle + soil + water = 

mass of specific gravity bottle + water = 

mass of dry soil = 


S58 


The following equations may be written 


Volume of soil grains =——— = = ]g/cm? 
G.p,, G, 

Weight of an equivalent - 
Mp, M 

volume of water =" = — 
G, Py G, 

Now M, 

NEE A M 
Simplifying G = s 


° M,-M +M, 


Substituting the known values M, = 225 g, M, = 1650 g, M, = 1510 g, we have 


225 225 


Gm 065 
5 1510-1650+225 85 


Problem 3.15 


It is required to determine the water content of a wet sample of silty sand weighing 400 g. This mass 
of soil was placed in a pycnometer and water filled to the top of the conical cup and weighed (M4). 


Its mass was found to be 2350 g. The pycnometer was next filled with clean water and weighed and 
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its mass was found to be 2200 g (M,). Assuming G, = 2.67, determine the water content of the soil 
sample. 


Solution 


An equation for determining the water content of a wet sample of soil by pycnometer method is 
required to be developed by the students. The equation is 


w= Ma | Se? 11x100 
M,-M, G, 


where M, = mass of empty pycnometer 
M, = mass of P, + wet soil 
M, = mass of P,,. + soil + water 
M, = mass of P,. + water 
Mass of wet soil = M,-—M, =400 g 
M, = 2350 g 
M, = 2200 g 


Substituting and simplifying 


l 400 2.67-1 
= x 1 


x 100 = 66.79% 
2350-2200 2.67 


Problem 3.16 


A clay sample is found to have a mass of 423.53 g in its natural state. It is then dried in an oven at 
105 °C. The dried mass is found to be 337.65 g. The specific gravity of the solids is 2.70 and the 
density of the soil mass in its natural state is 1700 kg/m?. Determine the water content, degree of 
saturation and the dry density of the mass in its natural state. 


Solution 
Required : w, S, p} 


_ 423.53 — 337.65 x 100 = 25.43% 


337.65 
= 00 = 135534 Nim 
14+ 0.2543 
G 
Ss pe STE) i690 
P, 1355.34 
G 
g oes _ 02543x 2.7 100 = 69.2% 


e 0.992 


Problem 3.17 


A sample of sand in its natural state has a relative density of 65 percent. The dry unit weights of the 
sample at its densest and loosest states are respectively 114.5 and 89.1 lb/ft?. Assuming the specific 


https://gioumeh.com/product/geotechnical-engineering-solution/ 


gravity of the solids as 2.64, determine (i) its dry unit weight, (11) wet unit weight when fully 
saturated, and (iii) submerged unit weight. 


Solution 
Required : Y, Y,,,. and ¥,. 


_GYy _ | 264x624 


e. 1 = 0.44 
= g 114.5 
Bia Gy eis 2.64 x 62.4 _1=0.85 
V am 89.05 
D =065= 0.85- e _0.85-e 
i 0.85 — 0.44 0.41 
or e=0.584 


G d . 
jy a e BOA i aie 
l+e 1+ 0.584 


Yw(G,+e) _ 62.4(2.64 + 0.584) 


Vsa =— Tze 140.584 


=127 Ib/ft? 


Y, =Veat ~Vy = 127- 62.4 = 64.6 Ib/ft? 


Problem 3.18 


The mass of wet sample of soil in a drying dish is 462 g. The sample and the dish have a mass of 
364 g after drying in an oven at 110 °C overnight. The mass of the dish alone is 39 g. Determine the 
water content of the soil. 


Solution 
Required : Water content w 


_ 462-364 


= x 100 = 30.15% 
364 — 39 


Problem 3.19 


A sample of sand above the water table was found to have a natural moisture content of 10% and a 
unit weight of 120 lb/ft?. Laboratory tests on a dried sample indicated values enin = 9-45, and 
e max = 9-90 for the densest and loosest states respectively. Compute the degree of saturation, S, and 


the relative density D, Assume G, = 2.65. 


Solution 


Ye 120 = 109 mR? 
l+w 1401 


Y, = 120 Ibt’, 7, 
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on Llw _1 265x642 1 _ 9 56 
Va 109 
s- wG, _0.1x2.65 x100 = 47.3% 
e 0.56 
D,= Emx E 199 = 0.90-0.56 100 = 75.6% 
Emax — Emin 0.90 —0.45 
Problem 3.20 


A 50 cm? sample of moist clay was obtained by pushing a sharpened hollow cylinder into the wall 


of a test pit. The extruded sample had a mass of 85 g, and after oven drying a mass of 60 g. Compute 
w, e, S, and p}. G, = 2.7. 


Solution 
Required : w, e, S, and p,,. 


ye BE hearer 
ps g/cm? = 12 Mgm? 
50 
G 
aT ccc 
Pi 12 
G ; ; 
g C a UGTA oio 
e 1.25 
Problem 3.21 


A pit sample of moist quartz sand was obtained from a pit by sand cone method. The volume of the 
sample obtained was 150 cm? and its total mass was found to be 250 g. In the laboratory the dry 
mass of the sand alone was found to be 240 g. Tests on the dry sand indicated e,,,, = 0.80 and 
€ min = 0.48. Estimate p,, w, e, S, pı and D, of the sand in the field. Given G, = 2.67. 


Solution 
Water content w= ee x 100 = 4.17% 
240 
: 240 3 
dry densit = — =1.6 g/cm 
y y Pa 150 8 

void ratio e= PwGs l= 0)2.67 1= 0.67 

Pa 1.60 


wG, _ 0.0417x 2.67 
e 0.67 


degree of saturation S' = 


x 100 = 16.6% 
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relative density D, = fox Tf _¥100= ede! 
e 


——_— x 100 = 40.6% 
— eni 0.80 — 0.48 


Problem 3.22 
An earthen embankment under construction has a total unit weight of 99.9 1b/ft? and a moisture 
content of 10 percent. Compute the quantity of water required to be added per 100 ft? of earth to 
raise its moisture content to 14 percent at the same void ratio. 


Solution 
%, _ 99.9 


l+w 140.14 
weight of compacted dry soil = 87.63 x 100 = 8763 1b 


= 87.63 lb/ft? 


Dry unit weight y4 = 


weight of water present in the wet soil = W , = 8763 x 0.1 = 876.3 Ib 
weight of water for raising the moisture content to 14% = 8763 x 0.14 = 1226.82 lb 
extra water required = 1226.82 — 876.3 = 350.52 1b 


Problem 3.23 

The wet unit weight of a glacial outwash soil is 122 Ib/ft?, the specific gravity of the solids is 
G, = 2.67, and the moisture content of the soil is w = 12% by dry weight. Calculate (a) dry unit 
weight, (b) porosity, (c) void ratio and (d) degree of saturation. 


Solution 
y= = 1? _~ 108,93 tit? 
l+w 1+0.12 
geil, ja 200A pa ais 
Ya 108.93 
ee |, | ears [yee 
l+e 1+ 0.529 
jater _ O12 OT 60.57% 
e 0.529 
Problem 3.25 


In a sieve analysis of a given sample of sand the following data were obtained. Effective grain size 
= 0.25 mm, uniformity coefficient 6.0, coefficient of curvature = 1.0. Sketch the curve on semilog paper. 


Solution 
Do = 0.25 mm 


Do = C, X Dio = 6X 0.25 = 1.5 mm 


D39 = Doo X Dig = V1.5 0.25 = 0.61 mm 
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Percent finer 
ay 
5 


30 
i 
l 
20 
Doo l 
(i 
10 — Do Dp 
N 10 S 
t Y t 
10 1.0 0.1 


Particle size, mm 


Figure Sol. 3.25 


Problem 3.26 


A sieve analysis of a given sample of sand was carried out by making use of US standard sieves. 
The total weight of sand used for the analysis was 522 g. The following data were obtained. 


Sieve size in mm 4.750 2.000 1.000 0.500 0.355 0.180 0.125 0.075 
Weight retained in g 25.75 61.75 67.00 126.0 57.75 78.75 36.75 36.75 
Pan 31.5 


Plot the grain size distribution curve on semi-log paper and compute the following: 
(i) Percent gravel 
(ii) Percent of coarse, medium and fine sand 
(iii) Percent of silt and clay 
(iv) Uniformity coefficient 
(v) Coefficient of curvature 


Solution 


The sieve analysis test results are given in a tabular form as below 


Sieve size Weight % retained Cumulative % finer 
(mm) retained (g) % retained 

4.75 25/75 4.93 4.93 95.07 
2.00 61.75 11.83 16.76 83.24 
1.00 67.0 12.84 29.60 70.40 
0.50 126.0 24.14 53.74 46.26 
0.355 57.15 11.06 64.08 35.20 
0.180 78.75 15.09 79.89 20.11 
0.125 36.75 7.04 86.93 13.07 
0.075 36.75 7.04 93.97 6.03 
Pan 31.50 6.03 100.00 — 
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Percents of gravel, sand, and silt and clay are given in Fig. Sol. 3.26. From Sol. Prob. 3.26 
Dio = 0.10 mm, Dy = 0.30 mm, and Do = 0.75 mm 


Dey 0.75 D; 0.3) 
= = SSS oe ay 
Dio 0.1 Do X Do (0.75 x OL 
Gravel : Sand : Silt and clays 
186 Coarse to medium Fine 


Gravel = 4.93% 

Sand coarse to med. = 53% 
Fine = 35.97% 

Silt and clay = 6.03% 


80 


Percent finer 


20 


l 
co O Ot N Co COMO a = 
= 2 loo se © 288 Ss 8 S 
O GOGO «© © © 


Particle size, mm 


Figure Sol. 3.26 


Problem 3.27 


Combined mechanical analysis of a given sample of soil was carried out. The total weight of soil 
used in the analysis was 350 g. The sample was divided into coarser and finer fractions by washing 
it through a 75 micron sieve The finer traction was 125 g. The coarser fraction was used for the 
sieve analysis and 50 g of the finer fraction was used for the hydrometer analysis. The test results 
were as given below: 


Sieve analysis: 


Particle size Mass retained g Particle size Mass retained g 
4.75 mm 9.0 355 u 24.5 

2.00 mm 15.5 180 u 49.0 

1.40 mm 10.5 125 u 28.0 

1.00 mm 10.5 75 Ww 43.0 

500 u 35.0 
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A hydrometer (152 H type) was inserted into the suspension just a few seconds before the 
readings were taken. It was next removed and introduced just before each of the subsequent 
readings. Temperature of suspension = 25°C. 

Hydrometer analysis: Readings in suspension 


Time, min Reading, Rall Time, min Reading, Ra 
1/4 28.00 30 5.10 

1/2 24.00 60 4.25 

1 20.50 120 3.10 

2 17.20 240 2.30 

4 12.00 480 1.30 

8 8.50 1440 0.70 

15 6.21 


Meniscus correction C,,, = +0.4, zero correction C, = +1.5, G, = 2.75 
(i) Show (step by step) all the computations required for the combined analysis. 


Gi) Plot the grain size distribution curve on semi-log paper 

(iii) Determine the percentages of gravel, sand, and fine fractions present in the sample 
(iv) Compute the uniformity coefficient and the coefficient of curvature 

(v) Comment on the basis of the test results whether the soil is well graded or not 


Solution 

Sieve analysis 

Mass for combined analysis = 350g 

Mass passing No. 200 sieve = 125g 

Mass for sieve analysis = 225g 
The following table gives the percent finer: percent finer = 100 — X% retained. 
Sieve No Dia (mm) Mass % retained % finer 

retained (g) 

4 4.75 9 297 97.43 
10 2.00 15.5 4.43 93.00 
14 1.400 10.5 3.00 90.00 
18 1.00 10.5 3.00 87.00 
335 0.50 35.0 10.00 77.00 
50 0.355 24.5 7.00 70.00 
80 0.180 49.0 14.00 56.00 
120 0.125 28.0 8.00 48.00 
200 0.075 43.0 12.29 35.71 


Hydrometer analysis 


Mass of soil passing No. 200 sieve (M,,) = 125g 

Mass of soil taken for hydrometer analysis = 508 

Hyd. reading R for use in Eq. (3.24) = R,+C,=R,+04 

Hyd. reading R, for use in Eq. (3.32), R, = R,-C,+Cr=(R,-0.2) 

where R, = actual reading, C, = zero correction (= + 1.5) 

and C, = temperature correction = + 1.3 for Table 3.6 for T= 25° C 
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